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Abstract

The extreme birefringence of calcium carbonate (CaCO3) relative to other major components of marine particulate
matter provides a basis for making optical in situ measurements of particulate inorganic carbon (PIC) in seawater. This

concept was tested with a benchtop spectrophotometer equipped with a 1- and 10-cm path length sample cell and
modified with linear polarizers to measure the birefringence of suspended particles. Sample suspensions containing
3–100% CaCO3 (by weight) were prepared from calcareous marine sediment material and varying amounts of non-

birefringent diatomaceous earth. The samples ranged in total suspended material from 0.003 to 249mg l�1 and PIC
from 0.03 to 1820 mmol CaCO3 l

�1. A positive relationship was observed between birefringence and PIC, with response
falling off as the total particle concentration and the relative abundance of non-CaCO3 particles in the sample increased.
Sensitivity increased linearly with optical path length, and absolute detection limits of 0.2–0.4 and 0.04–0.08 mmol

CaCO3 l
�1, respectively, were determined for path lengths of 1- and 10-cm based on the intrinsic signal noise of the

modified spectrophotometer. Conventional (i.e., non-polarized) transmittance measurements were used to correct the
birefringence signal for the sensitivity loss due to interference from scattering and absorption. Without further

modification, this spectrophotometer-based method can be used (with a 10-cm cell) to quantify PIC in most surface
ocean watersFincluding those influenced by coccolithophore blooms. The spectrophotometer results define
performance requirements and design parameters for an in situ instrument capable of operating over the oceanic

range of PIC. r 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Particulate inorganic carbon (PIC) in seawater
consists of biogenic particles of calcium carbonate
(CaCO3). PIC occurs as both calcite and aragonite
polymorphs of CaCO3 in the marine environment,

ranging in concentration from o0.01 mmol
CaCO3 l

�1 in deep ocean waters to >30 mmol
CaCO3 l

�1 in open ocean surface waters during
phytoplankton blooms (Balch et al., 1996b).
Values up to 120 mmol CaCO3 l

�1Fthe highest
ever recordedFwere observed during a bloom in
Norwegian coastal waters (Berge, 1962). The
fraction of total suspended material (TSM) com-
prised by PIC varies widely throughout the ocean
and generally increases with depth because organic
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matter is remineralized faster than CaCO3 as
particles sink through the water column. At
stations previously occupied in the north and
equatorial Pacific and south Atlantic, PIC ac-
counted for roughly 3–30% of TSM (by weight) in
samples collected above 50m and 10–40% in
samples collected below 200m (Bishop et al.,
1978, 1998; Bishop, 1989).

The dominant fraction of PIC in the water
column is derived from coccolithophores (unicel-
lular phytoplankton of the class Prymnesiophy-
ceae), which produce external calcite plates
(coccoliths) that can subsequently become de-
tached from the living cell. Secondary sources of
PIC include shells of foraminifera (calcite) and
pteropods (aragonite). Coccolithophores are
widely distributed throughout the global oceans
(except in the polar regions) and experience prolific
blooms that cover areas up to 5� 105 km2 (Balch
et al., 1996a) and persist for weeks to months.
Coccolithophore standing stocks become very
large during these blooms (as many as 1.15�
108 cells l�1 were observed in fjord and coastal
waters of western Norway; Berge, 1962), and
concentrations of detached coccoliths are often
much higher (Holligan et al., 1993). Because of the
high backscattering efficiency of PIC, coccolitho-
phore blooms increase the albedo of the ambient
seawater and thus decrease the transfer of solar
energy to the surface ocean and the amount of
light available to phytoplankton for photosynth-
esis (Tyrell et al., 1999). Perturbations to the local
ecosystem resulting from coccolithophore blooms
can alter the structure of the plankton community
and propagate to higher levels of the marine food
web (e.g., Macklin, 1999).

The formation of PIC at seawater pH follows
the general reaction:

2 HCO�
3 ðaqÞ þ Ca2þðaqÞ3CaCO3ðsÞ

þ CO2ðaqÞ þH2OðlÞ: ð1Þ

From Eq. (1), it is evident that PIC formation
results in a net reduction of total dissolved
inorganic carbon species (CO2, H2CO3, HCO3

�,
and CO3

2�, collectively referred to as SCO2) and
contributes to the flux of sinking particles that
transport carbon from the surface to deep ocean

(i.e., the biological pump). But PIC formation also
decreases alkalinity and increases pCO2 in surface
marine waters, thereby reducing the capacity of
the ocean for taking up atmospheric CO2. While it
is clear that PIC plays an important role in marine
carbon cycling, much remains unknown about the
processes governing its formation, transport and
remineralization (Bishop, 1989; Milliman et al.,
1999).

Our understanding of PIC cycling has been
severely limited by conventional ship-based sam-
pling techniquesFi.e., chemical analyses of parti-
culate material filtered from seawater. This
method of sampling cannot adequately assess the
factors governing spatial and temporal variability
of PIC in the oceans (e.g., a 20-fold difference in
PIC in the upper water column was observed over
a 6-week period between successive occupations of
Ocean Station Papa in the subarctic Pacific;
Fig. 1). Balch and Kilpatrick (1996) have devel-
oped a method for measuring PIC by analyzing
differences in light scattering before and after
acidification of seawater samples. Although this
method allows samples to be collected at a much
higher rate than previously possible, it is still
limited to ship-based deployments. Satellite re-
mote sensing techniques have been used to observe

Fig. 1. Vertical profiles of PIC at Ocean Station Papa, in the

subarctic Pacific, during three different occupations in 1996

(Bishop et al., 1998). Day/night cast data indicate significant

diurnal PIC variability in surface waters.
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the occurrence of coccolithophore blooms (e.g.,
Brown and Yoder, 1994), but these provide
information only about the surface layer of the
ocean and are hampered by cloud cover. Neither
the onset nor the dissipation of a coccolithophore
bloom has been observed (J. Aiken, personal
communication, 1999).

We have been investigating a method for
determining PIC concentrations in seawater based
on the optical property of birefringence. Birefrin-
gence refers to the ability of a mineral crystal to
split an incident beam of linearly polarized light

into two beams of unequal velocities (correspond-
ing to two different refractive indices of the
crystal), which subsequently recombine to form a
beam of light that is no longer linearly polarized
(Rossi, 1957). The extreme birefringence of CaCO3

makes it appear to light up when viewed through
crossed polarizersFthis characteristic mineralogi-
cal property of CaCO3 is widely used as a means of
identification (Fig. 2). Calcareous particles typi-
cally dominate the mineral fraction of marine
particulate matter and are much more birefringent
than other major classes of inorganic particles
(Fig. 3). Although certain organic compounds may
exhibit some degree of birefringence, polarized
light micrographs of material filtered from sea-
water (e.g., Bishop et al., 1978, Fig. 23) suggest

Fig. 2. The transmission of light through parallel and crossed

polarizers by calcite and two non-birefringent minerals (halite

and amorphous SiO2).

Fig. 3. Birefringence of major inorganic components of marine

particulate matter (defined as the index of refraction in the

direction of the mineral’s long crystal axis minus the index of

refraction in the direction of the mineral’s short crystal axis).

Data taken from Neese (1991).
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that organic marine particles are weakly birefrin-
gent relative to CaCO3 particles. We therefore
expect PIC to be the dominant source of any
birefringence signal obtained from seawater. Here
we report results from initial laboratory experi-
ments designed to test this idea and thus provide a
basis for an in situ marine PIC sensor.

2. Methods

2.1. Preparation of suspensions

Suspensions were prepared from two sources of
solid material: calcareous marine sediment col-
lected from a site in the equatorial Pacific (0.951N,
138.951W, water depth=4287m); and commer-
cially available powdered diatomaceous earth (i.e.,
a source of non-birefringent amorphous SiO2).
The calcareous sediment was rich in coccoliths but
also contained a significant amount of calcite from
larger foraminifera shell fragments. In order to
isolate the fraction of smaller particles that would
most readily remain in suspension, the following
settling procedure was applied. Roughly 0.06 g of
each material was added to a separate polyethy-
lene bottle containing 120ml of saturated CaCO3

solution (used to minimize dissolution of CaCO3).
The bottles were placed in an ultrasonic bath for
10min to break up any large aggregates of solid
material and then shaken vigorously to suspend
the particles in solution. The bottles were allowed
to sit undisturbed for 30min, at which point the
upper 100ml portion of each solution was
collected for further use and the remainder
discarded. Approximately 29% and 41% of the
original amounts of calcareous sediment and
diatomaceous earth, respectively, were recovered
by this procedure.

After fractionation, a 10ml aliquot of each
suspension was passed through a 0.4 mm poly-
carbonate membrane filter. The filters were dried
and weighed to determine TSM concentrations,
then leached overnight in 2% HNO3. The leachate
was analyzed for Ca by inductively coupled
plasma atomic emission spectroscopy to determine
PIC concentrations for the suspensions as total
acid-leachable Ca (Table 1). In the case of the

diatomaceous earth suspension, it is likely that all
of the Ca was not present as CaCO3 and the
reported PIC concentration should therefore be
interpreted as an upper limit.

Particle size distributions were determined for
the suspensions with a Coulter Multisizer II
equipped with a 30 mm aperture. Particle diameters
ranged from 0.74 mm (the smallest size detectable)
to 9.1 mm in the calcareous sediment suspension
and to 9.8 mm in the diatomaceous earth suspen-
sion. Particles with diameter o2 mm (i.e., typical
coccolith size) dominated both suspensions.

2.2. Spectrophotometer analyses

Analyses were performed on an Amersham
Pharmacia Biotech Ultrospec 3000 Pro benchtop
spectrophotometer equipped with optical silica
sample cells of both 1- and 10-cm path length.
The spectrophotometer wavelength was set at
660 nm to match the red LED’s commonly used
in marine transmissometers (experiments con-
ducted at different wavelengths yielded similar
results). Transmittance (T) was measured and
used to calculate absorbance (A) according to the
standard relationship:

A ¼ �log10 T : ð2Þ

Note that in these experiments, ‘‘absorbance’’ is
a measure of the amount of light attenuated from
the incident beam due to both absorption and
scattering by suspended particles.

To measure the birefringence of particles in
suspension, the spectrophotometer was modified
by installing a pair of Corning Polarcor linear
polarizers (Fig. 4). Because light from the source
lamp was already partially polarized by the grating
monochrometer, it was possible to maximize the
intensity of the fully polarized beam incident upon

Table 1

Composition of the pure calcareous sediment and diatomac-

eous earth suspensions

TSM

(mg l�1)

PIC

(mmol CaCO3 l
�1)

% CaCO3

(by weight)

Calcareous sediment 192 1820 95%

Diatomaceous earth 250 1.97 o1%
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the sample cell by rotating the polarizer between
the source lamp and sample cell. The polarizer
between the sample cell and the detector was
rotated until the transmission of polarized light
from the incident beam was minimized, i.e., the
polarizers were crossed. Extinction ratios between
1.0� 104 and 1.2� 104 were typically achieved. To
enable measurement of small signals above a near-
zero background, the detector gain was set to
approximately 275. The birefringence signal is
reported as the ratio of the radiant power of the
light reaching the detector (corrected for gain) to
the radiant power of the light incident upon the
front face of the sample cell.

3. 1-cm path length analyses

The pure calcareous sediment and diatomaceous
earth suspensions were combined in different
proportions and diluted with saturated CaCO3

solution to give mixed suspensions containing 3%,
9%, 32%, 48%, and 64% CaCO3 (by weight).
Samples ranging in TSM from 1.3 to 250mg l�1

and PIC from 12.1 to 1820 mmol CaCO3 l
�1 were

prepared by serial dilutions of each of the pure and
mixed suspensions. Aliquots of the suspensions
(ranging in volume from 0.02 to 3ml) were added
to a 1-cm path length rectangular spectrophot-
ometer cell and diluted to approximately 3ml total
volume with saturated CaCO3 solution. The

contents of the cell were agitated with a pipette
before each analysis. Data were acquired digitally
for 60 s at a rate of approximately 1Hz and an
average value was calculated.

Samples were prepared and analyzed separately
for the conventional (i.e., non-polarized) transmit-
tance and birefringence measurements. Each ana-
lytical run consisted of 17–31 samples and lasted
1–2 h. A reference cell containing particle-free,
deionized water was run as a blank between
groups of 5–10 samples. Data for the samples
were blank-corrected by subtracting values linearly
interpolated from the measured blanks.

4. 10-cm path length analyses

The procedure was identical to the one de-
scribed above for the 1-cm path length analyses,
with the following exceptions. Samples ranging in
TSM from 0.003 to 30.8mg l�1 and PIC from 0.03
to 67.8 mmol CaCO3 l

�1 were prepared by serial
dilutions of the pure calcareous sediment and
diatomaceous earth suspensions. Mixed suspen-
sions containing 3%, 6%, 10%, 22%, 36%, 48%
and 58% CaCO3 (by weight) were prepared as
individual samples immediately prior to analysis;
these suspensions ranged in TSM from 0.9 to
30.6mg l�1, but all had PIC concentrations of
B8.5 mmol CaCO3 l

�1. Instead of saturated
CaCO3 solution, the diluent was surface seawater
that had been passed through a 0.2 mm polycarbo-
nate filter and brought up to pH 8.5 by adding
small amounts of 0.15N NaOH; this further
reduced dissolution of CaCO3 and significantly
improved the stability of the suspensions over
time. The diatomaceous earth material used in the
suspensions was previously treated with acid and
washed with deionized water to eliminate the
possibility that it contained any CaCO3. The
samples were prepared in high-density polyethy-
lene bottles and transferred by syringe to a 10-cm
path length cylindrical spectrophotometer cell.
Each analytical run consisted of 14–24 samples
and lasted approximately 2 h. The filtered seawater
diluent was run as a blank between groups of 1–8
samples.

Fig. 4. Schematic diagram of spectrophotometer modified to

detect birefringent material suspended in the sample cell.
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5. Results

5.1. 1-cm path length analyses

Absorbance readings for the blanks were less
than 0.001. Linear relationships were observed
between absorbance and TSM for the serial
dilutions of the pure calcareous sediment and
diatomaceous earth suspensions (Fig. 5). The slope
for the calcareous sediment data
(2.50� 10�3 lmg�1) was more than twice as high
as the slope for the diatomaceous earth data
(1.18� 10�3 lmg�1; Table 2). Absorbance and
TSM were linearly related for the serial dilutions
of each of the suspensions containing mixtures of
calcareous sediment and diatomaceous earth
(Fig. 8). The slopes ranged from 1.12� 10�3 to
2.00� 10�3 lmg�1 (within the limits defined
by the slopes for the pure calcareous sediment
and diatomaceous earth suspensions) and in-
creased in proportion to the CaCO3 content of
the suspensions.

The birefringence signal for the blanks ranged
from 4.78� 10�5 to 6.05� 10�5 and drifted 1–3%
over the course of an analytical run (Table 3).
Over the PIC range of the samples (1.3–1820 mmol
CaCO3 l

�1 mmol Ca l�1), the blank-corrected bi-
refringence signals ranged from to 6.48� 10�6 to
6.88� 10�4Fi.e., o0.1% of the radiant power of

the incident light from the spectrophotometer
source lamp. A positive relationship was observed
between birefringence and PIC for the serial
dilution of the pure calcareous sediment suspen-
sion (Fig. 6a). The response initially followed a
linear trend (slope=5.37� 10�7 l mmol�1; Table 2),
falling off as PIC increased above 450 mmol
CaCO3 l

�1. Repeated analyses over the course of
several months indicated that the slope of the
birefringence response for different individual runs
varied by 710% or less.

Birefringence and PIC were also positively
correlated for the serial dilutions of the mixed
suspensions with CaCO3 content X9% (Fig. 7a).
As was observed for the pure calcareous sediment
suspension, the response fell off as PIC increased.
Sensitivity decreased as the relative proportion of
CaCO3 in the suspensions decreased, dropping
approximately 2-fold between the pure calcareous
sediment suspension and the 9% CaCO3 suspen-
sion. No detectable signal was observed for the
samples prepared from the 3% CaCO3 suspension
and the pure diatomaceous earth suspension.

The standard error over the 60 s acquisition
period (4.32� 10�8 to 6.42� 10�8) was roughly
0.1% of the birefringence signal for the blanks
(Table 3). The minimum detectable birefringence
signal (defined as three times the standard error of
the blank) ranged from 1.30� 10�7 to 1.93� 10�7.
Based on the initial linear relationship between
birefringence and PIC observed for the pure
calcareous sediment (Fig. 6a, Table 2), the mini-
mum detectable birefringence signal is produced
by a PIC value of 0.2–0.4 mmol CaCO3 l

�1. This
represents the lowest detection limit possible for a
60 s data acquisition period and a 1-cm path length
given the intrinsic signal noise of the modified
spectrophotometer.

For the samples containing diatomaceous earth
only, the standard error of the birefringence signal
was roughly the same as that of the blanks. For the
samples containing CaCO3 (i.e., samples prepared
from the pure calcareous sediment suspension and
the mixed suspensions), the standard error was
roughly 1–10 times that of the blanks. The
standard error was generally higher at the upper
end of the analytical range and dropped consider-
ably as PIC decreased below 100–200 mmol

Fig. 5. Absorbance at 660 nm (1-cm path length) for serial

dilutions of the pure and mixed suspensions containing

calcareous sediment and diatomaceous earth. The solid lines

indicate least-squares linear regressions of absorbance on TSM

for each of the suspensions.
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CaCO3 l
�1 (Table 3). This indicates the greater

variability inherent in a suspension of moving
birefringent particles relative to particle-free
solution.

The results from triplicate analyses of the 30.3,
303 and 1210 mmol CaCO3 l

�1 samples (Table 3)
provide a measure of uncertainty due to both
signal noise and procedural error (i.e., instrument
drift, pipetting inaccuracy, etc.). For the 30.3 mmol
CaCO3 l

�1 sample, the standard deviation of the
triplicate analyses is of the same magnitude as the

standard error of the average birefringence signal
over the 60 s acquisition period for the individual
analyses. The uncertainty in the measurement is
therefore due primarily to signal noise at this
concentration of PIC. For the 303 and 1210 mmol
CaCO3 l

�1 samples, the standard deviation of the
triplicate analyses is roughly an order of magni-
tude higher than the standard error of the average
birefringence signal over the 60 s acquisition
period for the individual analyses. This indicates
that most of the uncertainty in the measurement at

Table 2

Summary of least-squares linear regressions for the serial dilutions of the pure calcareous sediment and diatomaceous earth

suspensions

Calcareous sediment Diatomaceous earth

1-cm path length

Absorbance

Number of samples 12 5

Slope (lmg�1) 2.50� 10�3 1.18� 10�3

Standard error 1.76� 10�5 3.74� 10�6

Intercept �1.75� 10�3 �6.33� 10�4

Standard error 1.26� 10�3 4.22� 10�4

Correlation coefficient (r2) 0.999 1.000

Birefringence signal

(initial linear response rangeFi.e., PICo450mmol CaCO3 l
�1)

Number of samples 9 F
Slope (lmmol�1) 5.37� 10�7 F
Standard error 7.94� 10�9 F
Intercept �9.03� 10�7 F
Standard error 1.58� 10�6 F
Correlation coefficient (r2) 0.998 F

10-cm path length

Absorbance

Number of samples 11 12

Slope (lmg�1) 2.50� 10�2 1.06� 10�2

Standard error 2.42� 10�4 9.02� 10�5

Intercept 1.30� 10�3 �5.15� 10�5

Standard error 9.02� 10�5 5.93� 10�4

Correlation coefficient (r2) 0.999 0.999

Birefringence signal

(initial linear response rangeFi.e., PICo20 mmol CaCO3 l
�1)

Number of samples 20 F
Slope (lmmol�1) 5.03� 10�6 F
Standard error 4.14� 10�7 F
Intercept 2.64� 10�7 F
Standard error 2.42� 10�7 F
Correlation coefficient (r2) 0.999 F
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higher concentrations of PIC is due to procedural
error, with only a relatively small contribution
from signal noise.

To verify that the birefringence signal was
primarily due to the presence of CaCO3 particles,
undiluted pure calcareous sediment suspension
was acidified and reanalyzed. Upon addition of
HNO3 to the sample cell, absorbance drop-
ped from 0.474 to 0.013, in agreement with
the 95% CaCO3 content determined for the
calcareous sediment material. Birefringence
dropped from 6.42� 10�4 to 2.77� 10�6, indicat-
ing that virtually all (99.6%) of the signal was due
to CaCO3. The small residual signal is consistent
with the expected presence of clay minerals
and other weakly birefringent material in the
calcareous sediment.

5.2. 10-cm path length analyses

As was observed in the 1-cm path length
analyses, absorbance and TSM were linearly
related for the samples prepared from the pure
calcareous sediment and diatomaceous earth
suspensions. The slopes for the calcareous sedi-
ment data (2.50� 10�2 l mg�1) and diatomaceous
earth data (1.06� 10�2 lmg�1) were 10 times
higher than the slopes observed in the 1-cm path
length analyses (Table 2). Absorbance measure-
ments for the individual mixed suspensions fell
between the lines fit to the data for the pure
suspensions, decreasing proportionately as the
CaCO3 content of the suspensions decreased.

The birefringence signal for the blanks
(2.34� 10�5–2.97� 10�5) was approximately two

Table 3

Blanks and replicate samples from a 1-cm path length birefringence run

PIC

(mmol CaCO3 l
�1)

Raw birefringence

signal

Blank-corrected

birefringence signal

Standard error for 60 s

acquisition

Blank 5.062� 10�5 0 5.7� 10�8

5.009� 10�5 0 4.4� 10�8

4.975� 10�5 0 6.4� 10�8

4.901� 10�5 0 5.6� 10�8

Mean 4.987� 10�5 F
Std dev 6.729� 10�7 F
Rel std dev 1.35% F

30.3 6.65� 10�5 1.66� 10�5 2.2� 10�7

6.58� 10�5 1.62� 10�5 7.9� 10�8

6.53� 10�5 1.60� 10�5 1.5� 10�7

Mean 6.59� 10�5 1.63� 10�5

Std dev 5.89� 10�7 2.80� 10�7

Rel std dev 0.89% 1.72%

303 2.21� 10�4 1.71� 10�4 3.2� 10�7

2.22� 10�4 1.72� 10�4 2.3� 10�7

2.12� 10�4 1.62� 10�4 5.6� 10�7

Mean 2.18� 10�4 1.69� 10�4

Std dev 5.68� 10�6 5.46� 10�6

Rel std dev 2.60% 3.24%

1210 5.72� 10�4 5.22� 10�4 4.0� 10�7

5.75� 10�4 5.25� 10�4 3.0� 10�7

5.78� 10�4 5.29� 10�4 3.0� 10�7

Mean 5.75� 10�4 5.25� 10�4

Std dev 3.08� 10�6 3.41� 10�6

Rel std dev 0.54% 0.65%
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times lower than observed in the 1-cm path length
analyses. Over the PIC range of the samples (0.03–
67.8 mmol CaCO3 l

�1), the blank-corrected bire-
fringence signals ranged from 3.93� 10�8 to
2.83� 10�4. For the samples prepared from the
pure calcareous sediment suspension, the positive
relationship between birefringence and PIC
(Fig. 8a) was similar to the one observed with
the 1-cm cell. The slope of the initial linear
trend (5.03� 10�6 l mmol�1) was roughly 10 times

Fig. 6. (a) Observed and (b) corrected birefringence measured

at 660 nm by the modified spectrophotometer (1-cm path

length) for serial dilutions of the pure suspensions of calcareous

sediment and diatomaceous earth. The TSM axis applies to

both the calcareous sediment and diatomaceous earth data. The

PIC axis applies to the calcareous sediment data only (i.e.,

PIC=0mmol CaCO3 l
�1 for the pure diatomaceous earth

samples). Error bars indicating 2s precision for triplicate

analyses of the 30.3, 303, and 1210mmol CaCO3 l
�1 samples

are roughly the size of the data symbols or smaller. The dashed

line on the upper graph indicates the least-squares linear

regression of observed birefringence on PIC for the calcareous

sediment samples with PIC o450mmol CaCO3 l
�1. The dashed

line on the lower graph indicates the least-squares linear

regression of corrected birefringence on PIC for all calcareous

sediment samples.

Fig. 7. (a) Observed and (b) corrected birefringence at 660 nm

(1-cm path length) for serial dilutions of the pure calcareous

sediment suspension and the mixed suspensions containing

both calcareous sediment and diatomaceous earth. Two pure

calcareous sediment samples with much higher PIC concentra-

tions than the rest of the samples (1210 and 1820mmol

CaCO3 l
�1) are not shown on these graphs. The dashed line

on the lower graph indicates the least-squares linear regression

of corrected birefringence on PIC for the combined data from

the pure calcareous sediment suspension and the mixed

suspensions with CaCO3 content X32%. The dotted line on

the lower graph indicates the least-squares linear regression for

the 9% CaCO3 suspension.
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higher, and the response fell off as PIC increased
above 20 mmol CaCO3 l

�1. No detectable signal
was observed for the samples prepared from the
pure diatomaceous earth suspension. For the
mixed suspensions, birefringence decreased as the
CaCO3 content of the suspensions decreased
(Fig. 9a). At a PIC concentration of B8.5 mmol
CaCO3 l

�1, the birefringence signal dropped ap-
proximately 30% between the pure calcareous
sediment suspension and the 3% CaCO3 suspen-
sion.

The standard error of the blank over the 60 s
acquisition period (5.85� 10�8–1.40� 10�7) was
roughly the same as observed in the 1-cm path
length analyses. Consistent with the observed 10-
fold increase in sensitivity, this corresponds to an

Fig. 8. (a) Observed and (b) corrected birefringence at 660 nm

(10-cm path length) for serial dilutions of the pure suspensions

of calcareous sediment and diatomaceous earth. The TSM axis

applies to both the calcareous sediment and diatomaceous earth

data. The PIC axis applies to the calcareous sediment data only

(i.e., PIC=0mmol CaCO3 l
�1 for the pure diatomaceous earth

samples). The dashed line on the upper graph indicates the

least-squares linear regression of observed birefringence on PIC

for the calcareous sediment samples with PIC o20mmol

CaCO3 l
�1. The dashed line on the lower graph indicates the

least-squares linear regression of corrected birefringence on PIC

for all calcareous sediment samples. Inset: Blowup of low PIC

region, including 2s error bars based on triplicate analyses of

the 0.12mmol CaCO3 l
�1 sample (on the larger graphs, error

bars for the 0.12, 10.4, 11.5, and 49.6mmol CaCO3 l
�1 samples

are roughly the size of the data symbols or smaller).

Fig. 9. (a) Observed and (b) corrected birefringence at 660 nm

(10-cm path length) for the pure calcareous sediment samples

and the mixed suspensions containing both calcareous sediment

and diatomaceous earth. The solid line on the upper graph

indicates the least-squares polynomial regression (order=2) of

observed birefringence on PIC for all pure calcareous sediment

samples. The dashed line on the lower graph indicates the least-

squares linear regression of corrected birefringence on PIC for

the combined data from all of the samples containing

calcareous sediment (3–100% CaCO3, by weight).
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instrumental detection limit of 0.04–0.08 mmol
CaCO3 l

�1 (i.e., an order of magnitude lower than
that observed for the 1-cm path length analyses).
The standard error for the samples (4.66� 10�8 to
5.61� 10�7) covered roughly the same range as
observed in the 1-cm analyses and was also
generally greater for the samples with highest
concentrations of CaCO3.

The standard deviation of the triplicate analyses
of the 0.12, 10.3, 11.5, and 49.6 mmol CaCO3 l

�1

samples ranged from 3.32� 10�7 to 4.37� 10�6. In
each case, the standard deviation of the triplicate
analyses was roughly an order of magnitude higher
than the standard error of the birefringence signal
over the 60 s acquisition period for the individual
sample analyses. It is therefore apparent that most
of the uncertainty in the measurement is due to
procedural error over this range of concentrations,
and that the lowest PIC concentrations that can be
practically measured will be above the instrumen-
tal detection limit defined by signal noise. This is
confirmed by the 2s error bars based on the
triplicate analyses of the 0.12 mmol CaCO3 l

�1

sample (Fig. 8a, inset), which nearly intersect the
x-axis and indicate that PIC concentrations below
B0.1 mmol CaCO3 l

�1 are analytically indistin-
guishable from zero at the 95% confidence level.

6. Discussion

The relationships observed between absorbance
and TSM are consistent with Beer’s law, which
states that absorbance is linearly proportional to
both optical path length and analyte concentra-
tion. In these experiments, absorbance is a
measure of light attenuated from the incident
beam due to both absorption and scattering by the
particles suspended in the sample cell. The
correlation between slope and CaCO3 content
(Fig. 5) is a result of the greater scattering
efficiency of the CaCO3 in the calcareous sediment
relative to the amorphous SiO2 in the diatomac-
eous earth.

When measuring birefringence, the instrument
was configured to detect light from the incident
beam that had lost its linear polarization because
of interactions with birefringent material in the

sample cell. Interactions with non-birefringent
particles would result in scattering or absorption
of the incident beam but would not be expected to
change its polarization state in the forward
directionFi.e., no light capable of reaching the
detector would be produced. Our observations
were consistent with these expectations: birefrin-
gence was detected in the pure and mixed
suspensions containing calcareous sediment but
not in the suspensions containing only diatomac-
eous earth (i.e., non-birefringent particles).

For the samples prepared from the pure calcar-
eous sediment suspension, birefringence was line-
arly proportional to both the optical path length
and PIC at low concentrations. The instrument
response dropped, however, as total particle
concentrations or the relative abundance of non-
CaCO3 particles in the samples increased (Figs. 6a,
7a, 8a and 9a). The observed decrease in sensitivity
can be attributed to greater interference from
scattering and absorption, which reduces the
amount of incident light available to interact with
birefringent material in the sample cell. In addi-
tion, a greater portion of the depolarized light
produced by interactions between incident light
and birefringent material in the cell becomes
scattered or absorbed before it reaches the
detector.

To account for the effects of scattering and
absorption by particles, a corrected birefringence
signal (Bcor) was calculated for each of the samples
according to the following empirical relationship:

Bcor ¼ Bobs=T
k; ð3Þ

where Bobs is the observed birefringence signal for
the sample, T is the non-polarized transmittance
measured for the sample and k is an arbitrary
constant. Samples having lower transmittance
(indicating greater interference due to scattering
and absorption) receive a larger upward correction
to their birefringence signal. Best results were
obtained with a k value of 0.5.

Applying this correction to the 1-cm path length
results linearized the response curves for the
suspensions with CaCO3 content X9% (Figs. 6b
and 7b). Data for the pure calcareous sediment
suspension and the mixed suspensions with CaCO3

content between 32% and 64% converged toward
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a single line (slope=6.04� 10�7 l mmol�1, Table 4).
The slope for the 9% CaCO3 suspension
(3.99� 10�7 l mmol�1) was approximately 34%
lower than that of the more CaCO3-rich suspen-
sions. The correction scheme had little effect on the
3% CaCO3 suspension data. For the 10-cm path
length results, the corrected birefringence data for
the pure calcareous sediment suspension and all of
the mixed suspensions (3–58% CaCO3 content)
converged toward a single line (Figs. 8b and 9b).
The slope (5.03� 10�6 l mmol�1) was an order of
magnitude higher than the slope of the line fit to
the corrected 1-cm path length data for suspen-
sions with CaCO3 content X9%. These results,
which cover a range of PIC concentrations and
PIC:TSM proportions characteristic of much of
the surface ocean, show that conventional trans-
mittance measurements can be used to correct the
birefringence signal for interference due to scatter-
ing and absorption.

7. Conclusions

To our knowledge, this work is the first instance
of using birefringence measurements to quantify
PIC. Using a benchtop spectrophotometer
equipped with linear polarizers, we have demon-
strated a positive relationship between birefrin-
gence and PIC up to concentrations roughly 15
times greater than the highest values recorded in
marine waters. Although PIC concentrations
characteristic of open ocean, sub-euphotic zone

waters lie below the detection limit, much of the
range of PIC typically encountered in surface
ocean waters is encompassed by the analytical
range of the instrument equipped with a 10-cm
cell. Based on the observed linear relationship
between the sensitivity and path length, increasing
the path length to 25 cm (a standard path
length for marine transmissometers) would be
expected to further reduce the detection limit
by a factor of 2.5. Conventional (i.e., non-
polarized) transmittance measurements were used
to correct the birefringence signal for the sensitiv-
ity loss due to interference from scattering and
absorption. At a path length of 10-cm, this
correction scheme was successful for all of the
samples containing calcareous sediment (3–100%
CaCO3 by weight).

Although the birefringence of organic marine
particles was not directly assessed in these experi-
ments, previous observations based on polarized
light microscopy suggest that organic material is
weakly birefringent relative to PIC. In addition,
recent analyses performed at sea with the modified
spectrophotometer detected no appreciable bire-
fringence signal from particulate organic matter
suspended in natural seawater samples (Guay and
Bishop, unpublished data, 2001). Further insight
will be gained from additional laboratory and field
experiments investigating more complex particle
suspensions having different size distributions and
compositions (including living and detrital parti-
culate organic matter as well as different classes of
inorganic mineral particles).

Table 4

Least-squares linear regressions of corrected birefringence (1-cm path length) on PIC for the pure calcareous sediment suspension and

the mixed suspensions with CaCO3 content between 9% and 64%. Two pure calcareous sediment samples with much higher PIC

concentrations than the rest of the samples (1210 and 1820mmol CaCO3 l
�1) were not included in these calculations

Pure

calcareous

sediment

64% CaCO3

mixed

suspension

48% CaCO3

mixed

suspension

32% CaCO3

mixed

suspension

9% CaCO3

mixed

suspension

All suspensions

X32% CaCO3

Number of samples 10 4 4 4 4 22

Slope (lmmol�1) 6.03� 10�7 6.09� 10�7 6.22� 10�7 6.045� 10�7 3.99� 10�7 6.04� 10�7

Standard error 5.8� 10�9 1.8� 10�8 1.1� 10�8 9.1� 10�8 8.3� 10�9 5.4� 10�9

Intercept �3.45� 10�6 �1.24� 10�5 �1.49� 10�5 �1.04� 10�5 �7.46� 10�6 �7.23� 10�6

Standard error 1.63� 10�6 6.54� 10�6 4.04� 10�6 3.26� 10�6 1.18� 10�6 1.78� 10�6

Correlation coefficient (r2) 0.999 0.998 0.999 0.999 0.999 0.998
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Having thus established the proof-of-concept,
we have built a prototype instrument based on a
commercially available marine transmissometer
for making in situ birefringence measurements of
PIC in seawater. An in situ instrument with a path
length of 10-cm or longer should be able to
measure PIC concentrations down into the lower
end of the oceanic range, provided that it was
capable of equal or greater sensitivity and preci-
sion than the modified spectrophotometer. Note
that in these experiments, the spectrophotometer
was operated at a gain setting far above its normal
operating range. In developing the in situ PIC
sensor, the source lamp and detector electronics
and other instrument parameters will be designed
with the specific intent of obtaining the most stable
birefringence signal over as much of the oceanic
range of PIC as possible. Optimizing the perfor-
mance of the in situ instrument will also reduce the
required data acquisition period to enable con-
tinuous monitoring applications (e.g., water col-
umn profiling). A conventional transmissometer
will be deployed simultaneously to allow correc-
tion of the birefringence signal and quantify
particulate organic carbon (Bishop, 1999). In
addition to standard ship-based deployment from
a cable, the spatial dimensions and power require-
ments of the in situ PIC sensor are appropriate for
long-term deployment on autonomous oceano-
graphic platforms, including the SOLO profiling
float (Sherman and Davis, 1995) and the self-
navigating submarine glider Spray (Sherman et al.,
in press).
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